In this work we present a uniform analysis of the temperature evolution and bolometric luminosity of a sample of 29 type-II supernovae (SNe), by fitting a black body model to their multi-band photometry. Our sample includes only SNe with high quality multiband data and relatively well sampled time coverage. Most of the SNe in our sample were detected less than a week after explosion so their light curves cover the evolution both before and after recombination starts playing a role. We use this sample to study the signature of hydrogen recombination, which is expected to appear once the observed temperature drops to ≈ 7, 000K. Theory predicts that before recombination starts affecting the light curve, both the luminosity and the temperature should drop relatively fast, following a power-law in time. Once the recombination front reaches inner parts of the outflow, it sets the observed temperature to be nearly constant, and slows the decline of the luminosity (or even leads to a re-brightening). We compare our data to analytic studies and find strong evidence for the signature of recombination. We also find that the onset of the optical plateau in a given filter, is effectively the time at which the black body peak reaches the central wavelength of the filter, as it cools, and it does not correspond to the time at which recombination starts affecting the emission.
INTRODUCTION
Type II supernovae (SNe) are defined by the prominent hydrogen lines in their spectra. They are believed to originate from the collapse of an iron core of massive stars ( 8 M ) that retain their hydrogen envelope. The most common subtype, comprising ∼ 70 percent of all type II SNe, is characterized by a phase of of a roughly constant magnitude in the optical bands, hence their name type II-Plateau (II-P). This plateau phase typically starts 1-2 weeks after the explosion and lasts for ∼100 d. Pre-explosion images have revealed that the progenitors of this class are red supergiants, in the mass range of (7-16 M ) (Smartt 2015 ; for individual progenitor detections see e.g. Van Dyk et al. 2003a , Van Dyk et al. 2003b , Van Dyk et al. 2012 . Type II-Linear (II-L) SNe constitutes another subclass of type II SNe (e.g., Patat et al. 1994; Arcavi et al. 2012; Faran et al. 2014a,b) . They are spectroscopically very similar to type II-P events (Faran et al. 2014b, see) , but their light curves are declining in all bands. In both types (II-P and II-L) there is typically a sharp drop in the luminosity after ∼100 d and the luminosity starts to follow roughly the exponential decay expected from emission powered by the decay of 56 Ni. The distinction between these two classes is not well defined, and studies have used different definitions for II-L SNe. However, several recent works have shown that there exists a continuum of decline rates between slow declining and fast declining SNe (Anderson et al. 2014; Faran et al. 2014a) , which suggests that a separation into two different classes may be artificial. Other type II sub-classes will not be discussed here. In this paper we focus on the light curves of type II-P and type II-L SNe, without making the distinction between the two types, and refer to them in short as type II SNe. Our goal here is to perform a uniform analysis of the bolometric luminosity and temperature evolution of a large sample of type II SNe and to compare our findings to theoretical models, focusing on the transition to the plateau, which takes place during the first two weeks.
There are several dozen type II SNe with detailed multiwavelength observations. These are typically presented and analyzed individually (e.g., Leonard et al. 2002b; Maguire et al. 2010; Pastorello et al. 2009; Inserra et al. 2011; Takáts et al. 2014 Takáts et al. , 2015 Fraser et al. 2011; Tomasella et al. 2013; Dall'Ora et al. 2014; Barbarino et al. 2015; Valenti et al. 2015) . There are only a few studies that analyze the bolometric properties and temperatures of a sample of type-II SNe. Bersten & Hamuy (2009) extracted bolometric light curves and effective temperature evolution for 33 SNe II-P, using calibrations for bolometric corrections from 3 well observed SNe. Valenti et al. (2016) derived the effective temperature from black body fits to photometric data of 30 type-II SNe, and calculated pseudo-bolometric light curves by integration over the optical bands. Lusk (2016) provides bolometric light curves and temperatures for 5 peculiar type II-P SNe that originated from blue supergiants, by integrating over the observed photometry and correcting for the missing flux in the UV.
The theoretical interpretation of type II light curves is that the emission until the end of the plateau is dominated by the cooling emission, i.e., the leakage of radiation energy that was deposited in the envelope by the shock that unbinds it (Falk & Arnett 1977) . Energy deposited by the decay of 56 Ni may contribute to this phase (e.g., Falk & Arnett 1977; Young 2004; Utrobin 2007) , but this contribution is found to be subdominant (Nakar et al. 2016) . The end of the plateau marks the release of all the internal energy deposited by the shock in the envelope. At later times the SN enters its nebular phase and the entire luminosity is driven by the decay of 56 Ni.
During the early stages of the light curve (∼ 1−3 weeks) the leakage of radiation is facilitated mostly by the drop in the optical depth of the outflow due to its expansion (Arnett 1980) . Models predict that during this phase both the temperature and the bolometric luminosity drop roughly as power-laws in time (Nakar & Sari 2010; Rabinak & Waxman 2011; Shussman et al. 2016a) . Once the observed temperature drop to ≈ 7000 K, hydrogen recombination becomes important and a recombination front starts moving from the outside towards inner parts of the ejecta. During this phase, recombination, rather then expansion, is the main driver of the drop in the optical depth of the outflow. As a result the observed temperature remains almost constant while the luminosity starts dropping much more slowly or even rises.
In this work we derive the temperatures and bolometric evolution of 29 type-II SNe with high quality multi-band light curves, by fitting a black body spectrum to their spectral energy distribution (SEDs). As will be discussed extensively below, these are far from trivial. SNe II are not blackbodies, and at different times several effects lead to systematic offsets from a pure black body in various bands. Nevertheless, guided by the data and theoretical insight, we derive the underlying black body properties. We compare the temporal evolution of the temperature and luminosity to theoretical predictions, paying special attention to signs of the recombination processes in the envelope. In Section 2 we describe the contents of our SN sample and the data, in Section 3 we explain how the black body fits to the data are done. Section A describes the results of the fitting and the possible effect of extinction on the results, and Section 5 presents a comparison of our results to theoretical expectations. We summarize our results in Section. 6.
THE SAMPLE
We construct from the literature a sample of 29 type-II SNe with good temporal coverage and multi-band photometry. The sample mostly relies on the SNe collected in Pejcha & Prieto (2015) , Faran et al. (2014a) and (Faran et al. 2014b) . The SNe in the sample were required to have sufficiently early data (starting less than 20 days after the explosion) and a well sampled light curves so the early behavior could be compared to the late behavior and to theoretical models. Some objects did not enter the sample despite having well sampled photometric curves, because their data was not good enough to produce good quality temperature and luminosity curves. Ten of the objects have Swift UV observations, 10 have JHK data, and 7 objects have both JHK and UV. The photometric data were corrected for galactic extinction according to Cardelli et al. (1989) , but not for host galactic extinction, since there is no method that can provide an accurate estimate for E(B − V) host (see for example the discussion in Faran et al. 2014a) . We note however, that Faran et al. (2014a) found that E(B −V) host is typically small, of order 0.1 for nearby SNe. The explosion day is set as the mid-point between the first detection and the last nondetection of the SN, and the uncertainty is conservatively set as half the difference. Distance measurements were collected from NED 1 and averaged, using only distances based on the Tully-Fisher method, Cepheids, and SNe Ia. All of the objects are at low redshift with z<0.03. The SN properties and their references are summarized in Table. 1.
BLACK BODY FITTING
We calculate the temperature and bolometric luminosity of the SNe at each epoch by fitting a black-body to the photometric data, according to L bol = 4πσT 4 R 2 . We create a two-dimensional grid of temperatures evenly spaced by 20K, and black body radii (R) in the range of 10 12 -10 16 cm with spacing that corresponds to 0.002 mag. We then compute synthetic photometry from the black body distribution for every T and R values in each of the filter bands. Since data in different photometric bands were sometimes taken at different epochs, linear interpolation is used to account for the missing epochs. The interpolation is constrained to a maximum of 10 days from the nearest data point at early or late phases (before day 10 or after day 70), and to 20 days during intermediate phases, where the SN properties evolve more slowly.
A correct estimation of the photometric uncertainties is needed when fitting a black body to the photometry. Due to the relatively small number of data points, the fit is sensitive to errors that are under-or over-estimated. We therefore set a minimum value of 0.05 magnitudes to the error (such that the error is the maximal value between the given photometric error and 0.05 mag), which is a typical value for the scatter in our light curves. We assign the effective wavelength of the filter transmission curve to each band, and fit the data to find the black body temperature and radius by minimizing χ 2 . The uncertainty on the temperature is found by marginalizing the likelihood over the radius and finding the upper and lower temperature where χ 2 = χ 2 min + 1. To find the uncertainty in the luminosity, we calculate L bol for every T and R, and find the contour in which χ 2 = χ 2 min + 1. The maximal and minimal values of L bol are taken to be the upper and lower errors, respectively.
The SN spectrum is expected to follow a black body shape only in a limited frequency range, where hν ∼ kT. At high frequencies the flux is suppressed by line blanketing, and at much lower frequencies, in the Rayleigh-Jeans (RJ) regime, it is predicted to be brighter than the RJ tail due Valenti et al. (2014) to the fact that the thermalization depth in this range is frequency dependent (Shussman et al. 2016a) . We observe both effects in our data, and fit a black body only to the wavelength regions where it provides a good approximation.
In agreement with the theoretical predictions, we see that at high temperatures JHK observations cannot be well described by a standard black body spectrum, and tend to systematically lie above the RJ tail. This effect was recently modeled analytically by Shussman et al. (2016a) and will be further discussed in section 5.3. In the cases where this discrepancy is observed, we use only UV and optical data, and exclude the JHK bands.
As the temperature drops below ∼ 10, 000 − 12, 000K, line blanketing by iron group elements becomes strong and creates a deficiency in the measured UV flux, compared to a pure black body. The main species responsible for the strong absorption are Fe III and Ti III (Kasen & Woosley 2009 ). Line opacity is highly sensitive to the temperature, and even a slight cooling of the photosphere induces a fast recombination of Fe III and Ti III to Fe II and Ti II (Kasen & Woosley 2009; Eastman et al. 1996) . The flux absorption becomes stronger and shifts further to the optical bands as the temperature continues to decrease to 8, 000K. Figure. 1 demonstrates the effect of line blanketing on the SED of SN2012aw on day 41. Data taken at wavelengths shorter than 5000 were found to be affected by line blanketing and were excluded from the fit (grey points), and only bands with wavelengths longer than 5000 were used (red points). The resulting black body at a temperature of 6420K fits the red points very well and is also in very good agreement with a spectrum taken at the same epoch. The observed spectrum also confirms the flux cut-off around the B-band. In order to determine the time where the flux in each photometric band is suppressed by line-blanketing, we run the black body fitting procedure on each of the following filter groups: UV-UBVRIJHK, UBVRIJHK, BVRIJHK, VRIJHK and RIJHK, i.e., each time excluding the bluest band. We first determine, as an example, when the flux in the UV bands falls below the black body curve by looking at the fit to the UBVRIJHK regime. As long as the temperature is high enough, the UV flux will appear above the black body fit to UBVRIJHK or right on it. However, as the temperature decreases enough such that line blanketing starts to have an effect on the UV flux, the UV data points will drop below the UBVRIJHK curve. We exclude a certain band from the fit when it is 1-σ below the black body curve. This means that until that epoch we can use the UV-UBVRIJHK bands to determine the black body parameters, and from that day on we can only use the UBVRIJHK bands to fit the data. This procedure is repeated with the other bands to determine when the U, B, and V bands are affected by line blanketing and need to be excluded. The transition days co-incide with the intersection between the temperature curves calculated with the bluest band, and the one calculated without it. Eventually, we construct the final temperature and luminosity curves using the transitions determined for each of the objects.
At early phases, when the temperature is higher than 10 4 K, the peak of F λ occurs at wavelengths shorter than 3000 and UV observations are therefore crucial to constrain the fit parameters. JHK observations lie far from the peak of F λ even at low temperatures (∼6000 K), and therefore do not play a critical role in constraining the temperature. However, due to the exclusion of many of the bluer bands by line blanketing, it is necessary to have more data points in the red to improve the fit, meaning that JHK data become important at late epochs.
In order to quantify the importance of UV and InfraRed (IR) photometry, we run a simulation and estimate the expected errors on the temperature in the absence of UV and IR. We produce synthetic photometry from black body distributions at temperatures 5000K-25,000K in 1000K bins, simulating a spread in the data using the typical photometric errors in each band. We then fit the synthetic data to a black body, repeating the process 100 times per temperature bin. The mean value and standard deviation (STD) of the best-fitting temperatures are computed, where we treat the STD as a measure of the typical statistical error. The uncertainties deduced from the simulation are presented as a function of the temperature in Figure. 2. From the upper panel of Figure. 2 one can see that at temperatures of ∼20,000K, the uncertainties on the temperature are quite high (over 800K) even with UV data. This reflects the fact that F λ peaks at ∼1300, while the effective wavelength of the bluest filter we use (Swi f t − uvw2) is only at 2230. Below T=15,000K, fits that do not include UV (but do include U) are able to reproduce the temperature with an accuracy of ∼500K. When U-band data is excluded, the fit reaches that accuracy below T=12,000K.
At lower temperatures, corresponding to late epochs, most of the flux at wavelengths shorter than the B band is already affected by line blanketing and only bands with effective wavelengths longer than the V band can be used. In the bottom panel of Figure 2 it is evident that JHK data are important at T>7000K if the B band is not included, as the STD of the fit temperature is relatively high and rises rapidly with the model temperature. Although fitting with the V, R and I bands is still able to produce errors below 10%, we will see in Section 4.1 that the flux in the V band is typically absorbed by iron blanketing at ∼6000K. In the absence of JHK observations, we are left with only 3 data points for many objects -V, R and I. In these cases, it is impossible to determine when the V band falls below the black body curve, since we cannot examine the fit done without V, having only 2 data points at longer wavelengths. As a result, when an object does not have JHK data we typically cannot trust the temperature curve below ∼6000K and we do not fit the data below this temperature.
Throughout this paper, we consider only objects with U or UV data to deduce physical parameters at high temperatures (above ∼10,000K), and objects with JHK data at low temperatures (below ∼6000K). Black body fit of SN2012aw on day 41. The grey points represent bands that are affected by iron-blanketing and were therefore excluded from the fit. The black body curve fits the data very well above 5000, whereas at shorter wavelengths the SED is no longer represented by a black body. A spectrum taken on day 41 (Bose et al. 2013 ) is also shown to coincide well with the data, and confirms the flux cutoff around the B-band.
RESULTS

Temperature
The temperature curves are computed from the black body fits at each epoch and are presented in Figure. 3 (a list of all the results is also available in Appendix. A). After the explosion, the envelope expands and cools adiabatically. The typical temperatures during the first 10 days are above 10,000 degrees. In cases where UV data exist, the typical errors for that temperature range are smaller than ∼500K, and are comparable to the errors predicted by our simulations (see Section 3). Between 20 and 40 days after the explosion, the temperature curves start evolving more slowly compared to early phases. The flattening typically happens between 6000K and 7000K, and is therefore consistent with being associated with a recombination wave that propagates into the envelope and dictates the black body temperature to be the temperature of hydrogen recombination. This effect is analyzed and discussed in Section 5.2. We note that objects without JHK data do not show this flattening, since as discussed in Section 3, for these SNe we were not able to determine the time where the V-band can no longer be used and the fit stops when the temperature reaches 6000K.
As in Valenti et al. (2016) , we observe that excluding UV data from the fit systematically leads to lower temperatures. This is true also for U, B and V, where the temperature produced without the bluest band is lower than that produced with it, before its flux is affected by iron blanketing. Since we do not observe this behavior in the simulation described in Section 3, the effect is not statistical and points to a deviation of the spectrum from a black body. We suggest that this is related to the re-distribution of energy that is absorbed by line blanketing. Most of the absorbed radiation is expected to be re-emitted close to the absorption wavelength (see Pinto & Eastman 2000) . As a result, the flux of the bluest band we use will be higher than the black body at the same temperature. Since the bands near the peak of the spectrum have the highest effect on the fit, that will result in higher fit temperatures. We redo the fits without the bluest band, and measure the flux under the resulting black body curve. We then measure the flux excess in the bands that lie above the black body curve, and the flux deficiency (due to line blanketing) in the bands below the black body curve and find that they are of the same order. This reinforces the assumption that the absorbed radiation by iron group elements is emitted at wavelengths close to the black body peak, and may add an uncertainty to the temperature and bolometric luminsoity that we measure. Above 10,000K, the temperatures calculated with the bluest band are ≈ 10% higher than the ones calculated when it is omitted, and the difference becomes less significant at lower temperatures. The effect on the luminosity is higher and can get up to ≈ 10 − 20%. Therefore, the temperatures and bolometric luminosities presented in this paper can be overestimated by up to ≈ 10 − 20%. We record the temperatures at which the flux in different bands starts being affected by line blanketing, and find that the typical temperature for UV is ∼11,000K, and ∼8000K in the U and B bands. The V band seems to be affected around ∼6000K. These results agree with the temperatures shown in Eastman et al. (1996) 's Figure. Figure. 8. We find a good agreement between the values of the temperature and its evolution. The temperature computed at the first epoch, ∼ 5 days, is around 13,000K in both curves and decreases to show a "bump" around day 16. Eventually, both curves settle on a temperature of ∼ 6000K in the middle of the plateau. Valenti et al. (2016) also fit a black body to several SNe that are included in our sample, but unfortunately the values are not provided, and we cannot perform a quantitative comparison.
Luminosity
The bolometric luminosity for each of the SNe is computed from the fit and the curves are presented in Figure. 4. Similarly to the temperature, the luminosity typically decreases as a power law during early epochs. The luminosity in most of the objects relents from its fast decline and starts to decrease more moderately, where the flattening seems to coincide with the break in the temperature. There are 3 objects whose luminosity not only flattens but also starts to rise. This happens for SN2004A and SN2009N at day 30 after explosion, and for SN2005cs at day 23. The transition in luminosity happens quite sharply and occurs when the temperatures are 6000K, 5900K and 6900K for the 3 objects, respectively. The change in the evolution of the luminosity is probably also related to the recombination of the envelope. We will discuss this further in Section 5. At the end of the plateau, the bolometric luminosity falls sharply.
We compare our bolometric luminosity curves to pseudo-bolometric curves from the literature by correcting for the different assumed distances to the SNe, and shifting in time to match the assumed explosion day. While broadly speaking there is mostly agreement between our work and previous efforts, there are still some discrepancies. The comparison is presented in Figure. 5. Pseudo-bolometric luminosities that were not computed with UV nor JHK data, as done for SN2009bw, SN2008in, and SN2004A, can be underestimated by up to 30%.
The Effect of Extinction
Host interstellar or circumstellar dust can introduce extinction that is not corrected for in our data (see Section 2), Comparison between the bolometric luminosity curves calculated in this paper (blue) and pseudo-bolometric curves from the literature (red), where the integrated wavelength range is specified. bolometric light curves include bolometric corrections or are based on black body fits. Otherwise, the light curves are the integrated luminosity in the observed bands without any bolometric corrections. The luminosity of SN1999em presented here was calculated after correcting for A host V = 0.18, in order to compare to Bersten & Hamuy (2009) . Discrepancies between the curves at early times are probably due to missing UV flux in the pseudo-bolometic curves. SN2012ec (Barbarino et al. 2015) , SN2012aw (Dall'Ora et al. 2014), SN2012A (Tomasella et al. 2013 ), SN2013ab (Bose et al. 2015a ), SN2009N (flux in RJ was approximated by RJ tail, no corrections in the blue) (Takáts et al. 2014 ), SN2009bw (Inserra et al. 2012 ), SN2008in (Roy & Kumar 2012) , SN2005cs (bolometric corrections) (Pastorello et al. 2009 ), SN2004et (Maguire et al. 2010) , SN2004A (Hendry et al. 2006; Maguire et al. 2010 ), SN1999em (Bersten & Hamuy 2009 ), SN2007od (Inserra et al. 2011 ), SN2013ej (Bose et al. 2015b) resulting in an underestimation of the fit temperatures and luminosities. Although it is quite difficult to find a good estimation for A host V , it is possible to quantify the effect a certain Av value has on the fit parameters as a function of the temperature. We repeat the fitting procedure two more times assuming E(B-V) = 0.1 and 0.05, and R V =3.1, using the galactic extinction laws of Cardelli et al. (1989) . As most type-II SNe in or sample are expected to have E(B − V) host < 0.1 (Faran et al. 2014a ), this value is effectively an upper limit on the possible required corrections.
In Figure 6 we present the relation between the best fit temperatures resulting from the correction to
function of the uncorrected SN temperatures. The dependence of the corrected temperatures on T(A host V = 0) can be well described by a third order polynomial, according to the following relations:
and:
where T 3 ≡ T(Av = 0)/10 3 . These relations offer a convenient way to estimate the error on a fit temperature, in the typical extinction range of A host 
=0
. The third order polynomial fits to the data are plotted in red and can be used to translate between the uncorrected and corrected temperatures.
Since the effect of extinction on the RJ is weak, we expect the luminosity to behave as
at high temperatures. We fit the data with T(A V = 0) > 8000K according to this relation for both Av=0.3 and Av=0.15 and present the data and the fit in Figure. 7. This, together with the previous relation for the temperatures, allows also the bolometric luminosity to be corrected for extinction as the relation holds down to low temperatures of ∼ 8000K. Below that temperature, the corrections to L are less than 10%, which is of the order of the uncertainty.
COMPARISON TO THEORY
The Temperature at the Beginning of the Plateau
The formation process of the plateau in Type-II SNe and the origin of its shape (i.e., its luminosity and temperature evolution) are not fully understood. The common wisdom states that the plateau is formed due to a recombination wave that propagates into the envelope in Lagrangian coordinates. The recombination front defines the photosphere and therefore also fixes its temperature to the temperature of hydrogen recombination in the envelope. According to this view, the plateau should start when T≈7500K. However, more detailed theoretical models show that the peak in each photometric band is observed slightly before the black body peak enters the observed band. This is why redder bands peak at later time. Recombination prevents the observed temperature from falling below ∼6000K, which is the main reason that after the peak the luminosity in the optical and IR bands falls rather slowly, and creates what is referred to as the plateau. We therefore expect to find photospheric temperatures higher than 7500K when the plateau starts. We define the plateau starting time, t p , in a specific band to be the day at which the light curve changes by less > 8000K. Since extinction has a minimal effect on long wavelength observations, the Rayleigh-Jeans part of the spectrum at high temperatures is expected to be approximately fixed.
Therefore, the data follow the relation:
, which is presented by the red line. than 0.02 magnitudes per day. To find t p , we fit a low order polynomial to the first 15-20 days and find the day where the derivative equals 0.02 mag/day. In order to estimate the uncertainties in t p , we use the photometric errors of the data to generate random Gaussians errors, from which we create simulated data. We run the fit 1000 times on simulated data and use the mean of the results as the value of t p and the standard deviation as its uncertainty. The value of t p can be sensitive to the order of the polynomial and to the time range chosen for the fit. The maximal discrepancies introduced by changing those parameters are typically not larger than one day. We therefore set a minimal error of one day on t p .
In Table 2 we present the t p values computed in the R and I bands. Some objects have only an upper limit on t p , since they were first observed already on the plateau. Nevertheless, for most of the objects it is clear that the plateau in R starts slightly before the plateau in I, as predicted by theory. In Figure 8 we demonstrate the different locations of the plateau in the R and in the I band for SN2012aw.
The temperatures associated with t p in R and I are computed by interpolating the temperature curves to t p . We plot the temperatures at t p , i.e. T p = T(t = t p ) in the R-band for each SN in Figure. 9. The blue arrows indicate the effect that A host V = 0.3 would have on T p at T ≈ 8000K and T ≈ 11, 000K, according to equation 1. Objects with only lower limits (i.e., first data point lies already on the plateau) are presented by red triangles. Almost all T p values lie above 8000K, and many of them above 10,000K. The low luminosity SN2005cs shows an exceptionally high lower limit of T p 16, 500K. The observed range of T p (with the exception of SN2005cs) is consistent with the theoretical light curves prediction by Shussman et al. (2016a) . For example, the predicted R-band T p for explosion energy of 10 51 erg of progenitors with radii Magnitude Figure 8 . The locations of t p, R and t p, I of SN2012aw, as defined by the derivative of the polynomial fit to the R-band (blue) and the I-band (green). The plateau in the I -band appears to start slightly later than the plateau in the R-band.
in the range of 400 − 800 R and ejecta masses in the range of 7 − 15 M is between about 10,000K and 12,000K.
Signs of Recombination in the Temperature and Luminosity Curves
As discussed in Sections 4.1 and 4.2, the evolution of the temperature and the bolometric luminosity is characterized well by a power-law, that flattens when the temperature drops to ∼6000-7000K. We compute the early values of the logarithmic derivatives of the luminosity and temperature, α L and α T , respectively, during the first 15 days after the explosion. SNe that do not have U or UV data are excluded, since the temperatures at these epochs are typically higher than 12,000K, where U-band data (or bluer) are important to constrain the fit (see Section 3). We also calculate the late logarithmic derivatives between 40 and 100 days, while the SN light curve is on the plateau. For this we choose only SNe with IR data for the reasons discussed in Section 3. The results are summarized in Table 3 . The best fit values for the early power law are highly sensitive to the exact value of the zero point in time. Since we make conservative explosion day estimates (see Section. 2), some of the uncertainties on the explosion day are as large as 5-10 days, and introduce non-negligible uncertainties to the values of the power law. The uncertainty values introduced from the fit itself and from the uncertainty on the explosion day are presented separately in Table 3 . The values in the parentheses are the errors produced by the fit, and the upper and lower values are the differences from the α values that we get using the lower and upper boundaries of the explosion day estimate, respectively. In cases where the explosion day uncertainty is large (as in SN2013by, SN2012ec, SN2009jb and SN2008in) the upper and lower uncertainties are quite large. However, the explosion day uncertainty naturally has very little effect on the late values of α. An example of the fit for α T is shown in Figure. 10. It depicts the temperature curve of SN2005cs, on a logarithmic sacale. The best-fit logarithmic derivative computed during the first 15 days is α T = −0.47 ± 0.03, and during days 40-100 is α T = −0.06 ± 0.07. There is a clear flattening of the temperature curve between t=19d and t=35d, when the temperature is between 6500K and 7500K. In Figure 11 we present the temperature curves and the power law fits for all the objects that have both UV and IR data. From the values of the logarithmic derivatives (table 3) it is clear that at some point the temperature evolution flattens. At early time most values are in the range α T,early ∼-0.6 --0.2 while at late time all best fit values are in the range α T,late ∼-0.15 -0. The weighted mean values of the logarithmic derivatives areᾱ T,early = −0.38 ± 0.01 andᾱ T,late = −0.08 ± 0.02. Although it is not possible to point out the exact temperature of the transition, one can see that the range of temperatures between the two power law regimes is ∼6000-7000K, which is the temperature range expected from hydrogen recombination in type-II SN envelopes.
We also calculate the early and late logarithmic derivatives of L bol . Similar to the temperature, the bolometric luminosity curves generally have a higher logarithmic derivative in the early phases. Most of the values of α L,early are between -0.2 and -0.8, while most values of α L,late are between -0.6 and 0.2, with weighted mean values ofᾱ L,early = −0.46 ± 0.01 andᾱ L,late = −0.22 ± 0.03 . When including the effect of extinction, we find that the values of α T , early and α L , early increase by ∼ 0.1 and ∼ 0.2 respectively, with an extinction value of E(B − V) = 0.1mag. This result is also consistent with the expectation from recombination which is expected to cause a flatter, or even rising, light curves once the recombination front reaches facilitate the release of radiation from inner regions.
An interesting question is whether there are correlations between the early and late evolution, or between temperature and luminosity evolution. In Figure 12 we plot α T,late vs. α T,early (upper panel) and α L,late vs. α L,early (lower panel). The color coding refers to the decline rate of the V-band light curve per 100 days, calculated by linearly fitting the magnitude decline rate between day 25 and 75. The figures show no clear correlations between early and late evolution or between the late decline rate and the temperature evolution (early or late). However, there is a linear correlation between α T and α L . Shussman et al. (2016a) provides theoretical predictions of α T,early and α L,early based on numerical simulations of SN explosions of a large set of RSG progenitors. They find that before recombination α T is not strictly constant, and that it makes a transition from about -0.35 to -0.6. The time of steepening in α T depends on the progenitor radius and ejecta velocity and for typical parameters it ranges between a day and two weeks. Since the data we have is not detailed enough to see the transition between the two power-laws, but only a single average power-law index, the analytic prediction is α T,early ≈ -0.35 --0.6. This range is marked in figure 12 and it is broadly consistent with the observed values listed in table 2. The theoretical model for the luminosity evolution predicts α L,early ≈ −0.35. This value depends slightly on the progenitor radius (up to about ±0.05) and more strongly on the progenitor structure (i.e., density profile). comparison of this prediction to the values listed in table 2 shows that they are consistent for most SNe but not for all. Moreover, the value of α L,early is inconsistent with being similar to all The temperature behaves as a broken power law, where in early phases it declines rapidly with a power of −0.47 ± 0.03, and at late phases the power law is −0.06 ± 0.07. This transition in the power law happens within the temperature range 6500-7500K, and we interpret it as the time when the color shell reaches the recombination temperature.
SNe. This is probably due to different density profiles of the progenitors.
Deviation from Black Body
At high temperatures, we find that a black body is not able to describe the whole observed spectrum not only at short wavelengths, where line blanketing is important, but also at long wavelengths on the RJ tail. In the left panel of Figure. 13 we show the SED of SN2012A on day 8, where the temperature is ∼15,000K. The dashed blue line is the best fit to all of the data points, which clearly fails to fit the JHK observations. This effect is observed in all SNe that have early JHK data, which always seem to be brighter than the RJ tail at the temperature corresponding to the optical and UV flux.
Deviation of the RJ tail from a black body spectrum of early type II emission was seen in numerical simulations (e.g., Tominaga et al. 2011 ) and was modeled recently analytically by Shussman et al. (2016a) . According to the model the reason for the deviation is that the flux at different wavelengths is determined at different locations in the outflow at different gas temperatures. Shussman et al. (2016a) find that on the RJ tail the modified spectrum can be approximated as F ν ∝ ν 1.4 and they also provide an approximation for the entire spectrum. The black solid line in the left panel of Figure. 13 is the best fit of Shussman et al. (2016a) model to the data of SN2012A. The model seems to fit the data very well throughout the UV and the IR and follows the JHK flux where it departs from a standard black body.
At lower temperatures both the standard black body model and the modified black body models are able to describe the JHK observations, as seen in the right panel of Figure. 13. The reason is that these bands are closer to the peak of the spectrum, where the models are essentially 11.0 (1.4) 10400 +600 −600 Table 2 . The times at which the R-and the I -bands enter the plateau phase, and the corresponding temperatures at those epochs.
equivalent. Also, at lower temperatures, where recombination starts affecting the spectrum the analytic model is no longer applicable.
SUMMARY
We calculated the temperaures and bolometric luminosities of 29 type-II SNe, by fitting black body models to their SEDs. We use the results to study the properties at the beginning of the plateau, to look for the signature of hydrogen recombination and to compare the observation before recombination becomes important to theoretical models. Our main findings are listed below.
• The temperature at the onset of the plateau phase in the R-band is above 8000K for all SNe in our sample, and exceeds 10,000K in many of them. This temperature changes as a function of the observed band, and is determined by the temperature at which the peak of the black body spectrum roughly coincides with the center of the filter transmission curve. This result is consistent with recent theoretical models and is different than the common statment that the plateau phase starts once hydrogen recombinations becomes important. The temperatures we find agree with the predicted values for typical RSG progenitors of type-II SNe (Shussman et al. 2016a ).
• We find that the temperature evolves with time as a power law, which flattens at ∼ 6000 − 8000K. We observe a similar evolution in the bolometric luminosity, where the logarithmic derivative at early phases is higher than that at late phases. The flattening is most likely a result of the recombination wave that exposes the inner layers. The values of the logarithmic derivatives for T and L bol at early phases agree with predictions from simulations and analytic works (Shussman et al. 2016a; Nakar & Sari 2010 ).
• SN spectra deviate from a standard black body, both at low temperatures and short wavelengths due to line blanketing, and also at high temperatures and long wavelengths. We show that the SNe in our sample follow the analytic result from (Shussman et al. 2016a) , that the flux on the RJ tail follows F ν ∝ ν 1.4 . 
SN2012A, day 50
modified blackbody fit planck relation, T = 7000 K bands affected by iron blanketing Figure 13 . left:The SED of SN2012A at 8 days after the explosion. The standard Planck formula is only able to fit the peak of the distribution, but fails to fit the RJ tail. A modified black body model from Shussman et al. (2016a) is shown to be compatible throughout the whole wavelength range. right: An SED of SN2012A at 50 days past explosion. At this stage, after the onset of recombination and at low temperatures, both the modified black body and the standard model are able to describe the data.
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